Oxidative stress that results from the generation of reactive oxygen species is a significant source of cellular and DNA damage.
Organisms contain various enzymatic systems for detoxifying reactive oxygen species. One main defense system is provided by cytosolic Copper/Zinc superoxide dismutases (Cu/Zn SODs) that convert superoxide anions to H 2 O 2 , which is then converted to water by catalases or peroxidases. Saccharomyces cerevisiae mutants lacking cytosolic Cu/Zn SOD, encoded by SOD1, display certain aerobic growth defects 5) and hypersensitivity to oxidative stress. 6) In humans, cytosolic Cu/Zn SOD (SOD1) is a ubiquitous small cytosolic metalloenzyme providing protection against oxygen radicalinduced cellular damage. 7, 8) Mutations in the SOD1 gene cause a familial form of amyotrophic lateral sclerosis (ALS), the most common adult motor neuron disease. 9, 10) Cytosolic Cu/Zn SOD orthologs are widely distributed in eukaryotes, but have not been identified in the cellular slime mold Dictyostelium discoideum, which is a model organism in the study of cell biology and developmental biology. 11) We show here the identification of the D. discoideum homolog of cytosolic Cu/Zn SOD, as well as the characterization of the gene disruption mutant.
MATERIALS AND METHODS
Cell Lines and Culture Conditions D. discoideum Ax2 was used in its wild-type form. D. discoideum sodD null strain was established from Ax2, as described below. D. discoideum pslA null strain was established and stored in the laboratory of Dr. R. A. Firtel (University of California, San Diego). Ax2 was cultured in HL5 medium.
12) The null strains were maintained in HL5 containing 5 mg/l blasticidin S (Funakoshi, Tokyo, Japan).
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis Expression kinetics of the genes were examined by RT-PCR using specific primers (sodD: 5Ј-CCAG-
The apeA and apnA encode the Escherichia coli exonuclease III homolog and endonuclease IV homolog, respectively. 13, 14) Expression of the actin15 coding for the Actin15 protein was examined as the experimental control. 15) The reactions were according to the manufacturer's instructions for the One Step RNA PCR Kit (Takara Shuzo, Kyoto, Japan). Reaction products were amplified 15 to 31 cycles after reverse transcription, and signal intensities were analyzed.
Induction of Gene Expression Ax2 cells were plated on plain agar and incubated for 20 h. The multicellular structures formed on the plate were exposed to 254 nm UV-light (50 or 100 J/m 2 ) by use of a UV crosslinker (UVP, CA, U.S.A.). Following the irradiation, the cells were allowed to recover on the plate for 40 min, and were then harvested to extract the total RNA. Changes in gene expression after the treatment were analyzed by RT-PCR. The primers and reaction conditions are described above.
Gene Disruption Genomic DNA fragments, including the coding region, were recovered from D. discoideum genome by PCR using Ex Taq polymerase (Takara Shuzo, Kyoto, Japan) and specific primers (5Ј-TAAAGATCTTAAT-TACTTACGGGCAATCGC & 5Ј-TCAGTGCTTCCGAAC-ATTGACTCCCACAAC). A blasticidin S resistance gene (BSR) cassette was inserted into the BamHI site, which was created in the coding region by base-substitution. The construct for gene disruption was introduced into D. discoideum Ax2 cells by electroporation. The conditions for electroporation were described before. 16) Homologous recombinants were selected in 10 ml HL5 medium containing 5 mg/l blasticidin S.
Spore Viability Assay
Fruiting bodies formed on a nonnutrient agar plate were exposed to 254 nm UV-light (50 or 100 J/m 2 ). The spores were collected, suspended in 10% glycerol and heated at 45 degrees C for 30 min to kill contaminating cells. Then spores were plated on bacterial lawns and incubated for 5 d. The plaques formed on the lawns were counted to determine spore viability.
RESULTS AND DISCUSSION
Sequence Analysis of sodD A gene for the Cu/Zn SOD homolog, sodD, was identified in the Genomic Information for D. discoideum. The open reading frame is interrupted by a single intron flanking the consensus splice acceptor and donor sites (Fig. 1) .
The alignment of SodD with other cytosolic Cu/Zn SODs is shown (Fig. 2) . Crystallographic studies of the bovine enzyme identified His-45, His-47, His-62 and His-119 as ligands for the catalytic copper atom, and His-62, His-70, His-79 and Asp-82 as ligands for zinc, while Asp-123 may modulate the metal ligand geometry in the bovine enzyme by hydrogen bonding to metal ligands His-46 and His-70 (all amino acid positions refer to the aligned sequence in the figure). 17) Each of these residues is present at the corresponding site of the D. discoideum protein. An Arg-142 that coordinates superoxide within the active site is also conserved. The sequence similarity between the enzymes is sufficient to conclude that SodD is a member of cytosolic Cu/Zn SODs.
Expression Kinetics of sodD D. discoideum grows as a single-cell vegetative amoebae until nutrients are depleted. Upon starvation, cells initiate a developmental program to form a multicellular structure in which approximately 10 5 cells are aggregated. Twenty-four hours after starvation, D. discoideum completes the formation of a fruiting body which consists of stalk cells and spore cells.
11) The expression kinetics of the sodD gene during the development was examined by RT-PCR. Total RNA samples purified from growing cells and developing cells (at 6 h intervals) were used as templates in the reaction. The RT-PCR products are presented with relative signal intensities (Fig. 3) . The expression of sodD was not observed in the growth phase (v) or early developmental phases (6-12 h), but was detected in the late developmental phases (18-24 h).
We next examined the cell-type specificity of the gene expression. The pslA null strain is known to be a sporeless mutant.
18) The mutant cells produce large aggregation streams under conditions in which wild-type cells form discrete aggregates. Tips form along the stream, elongate to produce a finger, and eventually form a terminal structure that lacks a spore head. Analyses of gene expression show a complete lack of prespore-specific gene expression, and no mature spores are produced. Total RNA was extracted from pslA null cells (24 h post starvation) and used as the template in RT-PCR analysis. The reaction product derived from sodD mRNA was not detected in the RNA sample of pslA null, indicating that sodD is a spore-specific gene (Fig. 3, right  panel) .
Response of the Gene to UV Irradiation Since UVlight has been observed to cause oxidative damage, we carried out an experiment to determine whether UV irradiation induced sodD expression. Slugs formed on a plate (20 h post starvation) were exposed to UV-light and harvested to extract total RNA. The RNA samples were used in RT-PCR analysis. As shown in Fig. 4 , the signal intensity of RT-PCR products increased (3-fold) after UV irradiation. This result suggests that the gene would be responsible for protecting the spore cells from damage caused by UV-light.
Establishment of sodD Null Mutant The gene disruption construct is shown in Fig. 5A . The selection marker, BSR cassette, was inserted into the coding region as described in Materials and Methods. This construct was introduced into D. discoideum Ax2 cells to establish the homologous recombinant. Genomic DNA was extracted from blasticidin resistant cells and used as the template for PCR to confirm whether the sodD gene was disrupted. A comparison of the sizes of PCR products indicated that the gene in the transformant was disrupted by the insertion of a 1.35-kb fragment (Fig. 5B) . We next confirmed the gene expression by RT-PCR. The RT-PCR product was detected only when RNA from the parental strain was used (Fig. 5C ). We concluded from these results that the sodD null strain was established.
The sodD null cells were plated on non-nutrient agar and incubated for 24 h to see the morphological phenotype. Cells aggregated and formed a normal fruiting body, indicating that the gene is not essential for the development (our observation).
Spore Viability of sodD Null Strain The sensitivity of spores to UV-light was examined. Spores were exposed to UV-light and plated on the bacterial lawn to measure the viability. The viability of Ax2 slightly decreased by the treatments, while sodD null exhibited a very sharp decline in plaque formation (Ͻ40%) (Fig. 6 ). In the growing phase, there was no significant difference in UV-sensitivity between Ax2 and sodD null cells (our observation). We confirmed that the hypersensitivity of the null cells to UV-light was not due to a decrease in the expression of DNA repair enzymes. The expression of AP-endonuclease genes, apeA and apnA, in cells at the slug stage were compared between the wild-type and the null cells. AP-endonucleases are required for the repair of apurinic/apyrimidinic (AP) sites on DNA generated by the action of DNA glycosylases, which remove modified and mismatched bases from damaged DNA. 19) AP sites also arise spontaneously via depurination, depyrimidination and by the direct interaction of DNA with reactive oxygen species. 20) The expression of apeA and apnA were induced by UV irradiation in both cell lines, indicating that the disruption of the sodD did not result in a decrease of the expression of AP-endonucleases (Fig. 7) . These observations indicate that sodD is required to protect the spores from damage caused by UV-light.
